[1] High-resolution reflection seismic data from Jakobshavn Isbrae, Greenland, reveal complex fabric development. Abundant englacial reflectivity occurs for approximately half the thickness of the ice (the lower half), and disruption of the englacial reflectors occurs in the lower 10-15% of the ice-thickness. These depths correspond to the higher impurity-content, and more easily deformed, ice from the Younger Dryas and Last Glacial Maximum to Stage-3. We conclude that the reflectivity results from contrasting seismic velocities due to changes in the crystal orientation fabric of the ice, and suggest that these fabric changes are caused by variations in impurity loading and subsequent deformation history. These findings emphasize the difference between ice-divide and ice-stream crystal orientation fabrics and have implications for predictive ice sheet modeling. Citation:
Introduction and Data
[2] Jakobshavn Isbrae highlights the uncertainty surrounding the role of ice dynamics in ice-sheet decay and sea level rise -Greenland is thinning around the margins, and Jakobshavn has recently experienced large accelerations in flow speed Thomas et al., 2003; Joughin et al., 2004] . Jakobshavn is Greenland's fastest glacier, with speeds of up to 12,600 m a À1 observed in 2003 [Joughin et al., 2004] , and it drains approximately 6.5% of the Greenland Ice Sheet [Echelmeyer et al., 1991] . In our study area (Figure 1 ), the ice is flowing towards the deep main trough of Jakobshavn Isbrae at $200 m a
À1
, and driving stress averages $200 kPa.
[3] Internal deformation dominates Jakobshavn Isbrae's motion within the deep central trough and contributes significantly outside the trough [Echelmeyer et al., 1991; Iken et al., 1993; Funk et al., 1994; Lüthi et al., 2002] , although basal sliding and subglacial deformation doubtlessly contribute. Here we present active-source seismic data that image the internal structure at a location $85 km upstream of the grounding line of Jakobshavn Isbrae, providing an unprecedented view of fabric development within this glacier.
Data Acquisition
[4] Multichannel-seismic-data were acquired in May 2007 along two orthogonal profiles, 10 km and 6 km long, oriented parallel and perpendicular to the flow of the glacier, respectively (Figure 1 ). The seismic sources were provided by the detonation of 500 g of PETN (pentaerythritol tetranitrate) at a depth of 10 m below the surface. Twentyfour vertical-component geophones were placed at a spacing of 20 m along the profiles. The minimum and maximum shot -receiver offsets were 10 m and 470 m, respectively. We used 28-Hz single-component geophones for recording all data, except for the downstream 2 km of the longitudinal profile, where 40 Hz ''georods'' were used instead. (A georod is an instrument developed specifically for recording in snow and firn, and consists of 4 geophone elements spaced vertically 20 cm apart in a high-density plastic housing.) The shot spacing was 160 m for the longitudinal profile and 240 m for the transverse profile (resulting in a nominal fold of 1.5 and 1 respectively). Data were recorded on a Geometrics Geode system with simultaneous shot triggering and data recording enabled by GPS synchronization. The dominant frequencies in our data of 50-200 Hz result in a quarter-wavelength vertical resolution of $5-20 m.
Data Processing
[5] The data were edited to remove noisy and bad traces. Frequency filtering was applied with a band -pass of 20 to 300 Hz. Despiking was applied to remove noise due to crevassing events, which were apparent in the data as steeply-dipping linear arrivals. The shot data were then amplitude-balanced, normal-moveout corrected at a velocity of 3830 m s
À1
, and sorted to common-depth-point gathers prior to stacking. No deconvolution was applied to the data because of the impulsive source and reflection signatures. Automatic-gain control was applied prior to plotting and in some cases the bed reflection was muted (e.g., Figure 2 , inset) in order to better display the relatively lower amplitude englacial reflectors.
Profile Descriptions
[6] The longitudinal profile (Figure 2 ) shows englacial reflectivity in the lower half of the ice. Reflections may be present above this depth but if so they are masked by the source-generated noise. The englacial reflections are smooth and bed-conformable at long wavelengths, and are continuous along our profiles (the disruption at km 4.5 is due to low signal-to-noise ratio). Nearer the bed, one reflection has a markedly different character to the overlying internal reflectors: it is of low frequency and high amplitude. This low-frequency arrival is at an average height above the bed of 270 ± 40 m or $15% of the ice thickness of 1830 ± 110 m. (All thicknesses were calculated using a constant ice velocity of 3830 m s À1 determined from the relationship of Kohnen [1974] and assuming an average temperature of À15°C. Uncertainties represent the one standard-deviation distribution of the thickness along the profile.) Below the low-frequency reflector there is a relatively transparent layer (which is not due to auto-gain-control shadowing) followed by a series of discontinuous and chaotic internal layers throughout the lowest 190 ± 30 m ($10%) of the ice.
[7] The transverse profile ( Figure 3 ) matches the englacial reflectivity of the longitudinal profile but the horizontal wavelengths of the layer undulations are shorter. The length-to-amplitude ratio for the longitudinal profile is $200:1, and for the transverse profile is $30:1. In the transverse profile, the reflectivity is generally bed-conformable. As in the longitudinal profile, both the deep low-frequency arrival and the disturbed layer near the bed are present. The lowfrequency arrival averages 260 ± 30 m off the bed (14% of the ice thickness of 1850 ± 40 m) and the disturbed layer is the lower 170 ± 30 m (9% of the ice thickness). [Bamber et al., 2001] ; the box shows the location of Figure 1b . (a) Jakobshavn Isbrae with bed elevation (greyscale) and surface elevation (contours) [Bamber et al., 2001] . White dots and letters show the locations of the drillsites of Iken et al. [1993] and Lüthi et al. [2002] . Also shown are the locations of the seismic lines reported here (white crosses) and the outline of the main trough of Jakobshavn. The trough is as shown by Iken et al. [1993] , Funk et al. [1994] , and Lüthi et al. [2002 Lüthi et al. [ , 2003 , and was delineated using seismic methods [Clarke and Echelmeyer, 1996] , and is not evident in the work by Bamber et al. [2001] . (c) Seismic profiles, distance marks, and GPS-derived velocity vectors obtained from occupations during our field campaign. 1971; Smith, 1996] or to changes in crystal orientation fabrics [Blankenship and Bentley, 1987; Anandakrishnan, 1996; Burkett, 2000] .
[9] The seismic reflection coefficient is determined by contrasts in acoustic impedance (z), which is the product of density (r) and velocity (v) (z = r v). The density of ice is relatively constant at these depths (>900 m) [e.g., and entrained rock is unlikely: debris is only observed in the very lowest 10's of meters at the ice divide and there is no transport mechanism known to be capable of entraining material higher up in the ice column. Furthermore, debris is not observed far above the bed in icebergs or boreholes. The seismic velocity of ice can vary due to a number of reasons, which we detail below. Seismic velocity (V p ) is weakly dependent on temperature (T) (V p = À(2.30 ± 0.17)T + 3795 m s À1 [Kohnen, 1974] ). However, even the high temperature-gradients observed in boreholes near our study area [Iken et al., 1993; Lüthi et al., 2002] are insufficient to produce discernible velocity contrasts. Velocity is, however, highly anisotropic in singlecrystal ice, with 5% differences observed between the slow a and the fast c-axis [Röthlisberger, 1972] . Glacier ice can range from isotropic to nearly single-crystal anisotropy [e.g., Blankenship and Bentley, 1987; Anandakrishnan et al., 1994] . We propose that contrasting degrees of anisotropy, brought about by variations in crystal orientation fabric, are responsible for the observed reflectivity.
Crystal Orientation Fabric
[10] Typically, near the surface in the center of an ice sheet, the c-axis distribution is random or weakly clustered about the vertical [e.g., Diprinzio et al., 2005] . With increasing depth, c-axes are typically rotated to the vertical (by vertical compression or bed-parallel simple shear) or toward a vertical plane (by vertical compression with convergent flow [e.g., Wang et al. , 2002] ). Near the base of an ice sheet, recrystallization can result in a return to a dispersed c-axis distribution within a cone angle of $30-35° [Alley, 1988; Budd and Jacka, 1989] . Under strong basal shear, recrystallization may create multi-pole fabrics that are not symmetrical about the vertical [Kamb, 1972] . Recrystallization is favored by higher temperatures, higher strain rates, and lower impurity (dust) loading, which together create new strain-free nuclei, the driving stress for growth of those nuclei, and the ability for boundaries of those nuclei to migrate into strained ice [Alley et al., 1995; Budd and Jacka, 1989] . In the event of contrasts in impurity loading, c-axis-vertical fabrics in fine-grained impure ice are found adjacent to recrystallized fabrics in coarsergrained, purer ice [e.g., Gow and Meese, 2007] . . The horizontal axis shows distance along the profile in km. Flow is from right to left, and the transverse profile crosses at $5 km. Inset: zoom on the internal reflectivity near the bed of jakl1; an end mute has been applied to keep the high-amplitude bed arrival from masking the internal reflectors in the basal layer.
[11] In order to fit the observations of internal reflectivity made here, we require the fabric to successively switch from one style to another down through the ice column. Such switching is not commonly observed in ice cores but is not unknown [e.g., Gow et al., 1997; Wang et al., 2002; Diprinzio et al., 2005; Gow and Meese, 2007] . The viscosity of an ice crystal is dependent on the crystal orientation and small variations in fabric will be amplified with increasing strain as favorably oriented crystals deform more easily [e.g., Alley, 1988] . Variations in impurity loading, which at ice divides often do not manifest themselves as fabric variations, would respond differently to strain as they travel down-flow from the ice divide, eventually resulting in the fabric variations we interpret here.
Deforming Basal Layer and the HoloceneWisconsin Transition
[12] An age -depth relationship (Figure 3 inset) was obtained from Funk et al. [1994] and verified by extending the internal layer tracing of Legarsky and Gao [2006] and Gao [2006] . Based on the age-depth relationship, on the considerations outlined above, and on knowledge of the impurity loading history of Greenland [Mayewski et al., 1993; O'Brien et al., 1995] , we suggest that the lowfrequency arrival corresponds to the bottom of the Younger Dryas stadial ice, with predominantly vertical c-axes, overlying purer Bølling-Allerød interstadial ice. The deeper zone of disrupted reflectors would then correspond to relatively impure Last Glacial Maximum (LGM) to Stage-3 ice, and might possibly record the effects of changes in impurity loading associated with Dansgaard-Oeschger events on the c-axis fabrics. The disruption in the basal layer is at least potentially similar to the deep disruption of layers in central Greenland cores related to ice flow processes [e.g., Alley et al., 1997] .
[13] Boreholes adjacent to and within the main trough of Jakobshavn have provided direct observations of the temperature structure and deformation [Iken et al., 1993 ; . The horizontal axis shows distance along the profile in km. Flow is into the page, and the longitudinal profile crosses at $1 km. Inset: age -depth relationship (see text for discussion). Also shown in the inset are dashed lines at 85% and 90% of the ice thickness and time-lines representing the timing of the Younger Dryas and Bølling-Allerød (timing from Alley et al. [1993] ). Funk et al., 1994; Lüthi et al., 2002 Lüthi et al., , 2003 ] (see Figure 1 for locations). In the ice sheet, Lüthi et al. [2002] observed enhanced deformation in a basal layer 150 m thick ($18% of the ice thickness), the top of which they correlated with the transition between Holocene and the relatively impure Wisconsin age ice. Lüthi et al. [2003] also hypothesize that thrust-faulting is occurring at the Holocene -Wisconsin interface. By matching borehole conductivity profiles, Lüthi et al. [2002] infer that a thicker layer of pre-Holocene ice exists within the main trough of Jakobshavn. This thicker layer should be resolvable using seismic reflection techniques.
[14] The internal reflectivity above the low-frequency arrival occurs in relatively pure Holocene ice, the reflections are low amplitude, and we suggest they result from one or a combination of the following: i) The impurity loading in Holocene ice is low but is not constant [O'Brien et al., 1995] , so dirtier ice may be holding the c-axis vertical while cleaner ice is recrystallizing; ii) Thin regions of high impurity loading related to volcanic events [Zielinski et al., 1996] may be resulting in a correspondingly strong c-axis preference (similar to that observed by Gow and Meese [2007] ) and corresponding reflection events; or iii) We may be imaging cyclic-behavior whereby c-axis orientations tend toward the vertical, strain accumulates, recrystallization occurs, and the cycle repeats. We know of no reports of similar internal reflectivity, which is almost certainly due to changes in c-axis fabric, from elsewhere on ice sheets, nor do we know of any prediction of the occurrence of such features. Understanding this new phenomenon may provide new insights into ice deformation and prove important for predictive ice sheet modeling.
Summary and Conclusions
[15] Complex fabric development is interpreted upstream on Jakobshavn Isbrae, Greenland, using active-source seismic methods. Englacial reflectivity is observed along two orthogonal profiles totaling 16 km in length. The englacial reflectivity has a long spatial-wavelength and is bedconformable in the along-flow direction, while the reflectivity has a shorter spatial-wavelength perpendicular to flow. We argue that the reflectivity results from successive changes in crystal orientation fabric. In turn, these contrasting fabrics are thought to result from contrasts in impurity loading and subsequent differing responses to strain. A prominent reflector corresponds to impure Younger Dryas aged ice, and the discontinuous and chaotic reflectors near the base correspond to LGM to Stage-3 ice, where enhanced deformation is occurring. These results have particular importance for studies of fabric development and predictive ice sheet modelling.
